Transporters are thought to assist in the termination of synaptic transmission at some synapses by removing neurotransmitter from the synapse. To investigate the role of glutamate transport in shaping the time course of excitatory transmission at the mossy fiber-granule cell synapse, the effects of transport impairment were studied using whole-cell voltage-and currentclamp recordings in slices of rat cerebellum. Impairment of transport by L-trans-pyrrolidine-2,4-dicarboxylate (PDC) produced a prolongation of the decay of the AMPA receptormediated current after a repetitive stimulus, as well as prolongation of single stimulus-evoked EPSCs when AMPA receptor desensitization was blocked. PDC also produced a prolongation of both single and repetitive-evoked NMDA receptormediated EPSCs. Enzymatic degradation of extracellular glutamate did not reverse the PDC-induced prolongation of AMPA receptor-mediated current after a repetitive stimulus, suggesting that transporter binding sites participate in limiting glutamate spillover. In current-clamp recordings, PDC dramatically increased the total area of the EPSP and the burst duration evoked by single and repetitive stimuli. These data indicate that glutamate transporters play a significant role in sculpting the time course of synaptic transmission at granule cell synapses, most likely by limiting the extent of glutamate spillover. The contribution of transporters is particularly striking during repetitive stimulus trains at physiologically relevant frequencies. Hence, the structural arrangement of the glomerulus may enhance the contribution of transporters to information processing by limiting the extent of glutamate spillover between adjacent synapses.
Transporters are thought to assist in the termination of synaptic transmission at some synapses by removing neurotransmitter from the synapse. To investigate the role of glutamate transport in shaping the time course of excitatory transmission at the mossy fiber-granule cell synapse, the effects of transport impairment were studied using whole-cell voltage-and currentclamp recordings in slices of rat cerebellum. Impairment of transport by L-trans-pyrrolidine-2,4-dicarboxylate (PDC) produced a prolongation of the decay of the AMPA receptormediated current after a repetitive stimulus, as well as prolongation of single stimulus-evoked EPSCs when AMPA receptor desensitization was blocked. PDC also produced a prolongation of both single and repetitive-evoked NMDA receptormediated EPSCs. Enzymatic degradation of extracellular glutamate did not reverse the PDC-induced prolongation of AMPA receptor-mediated current after a repetitive stimulus, suggesting that transporter binding sites participate in limiting glutamate spillover. In current-clamp recordings, PDC dramatically increased the total area of the EPSP and the burst duration evoked by single and repetitive stimuli. These data indicate that glutamate transporters play a significant role in sculpting the time course of synaptic transmission at granule cell synapses, most likely by limiting the extent of glutamate spillover. The contribution of transporters is particularly striking during repetitive stimulus trains at physiologically relevant frequencies. Hence, the structural arrangement of the glomerulus may enhance the contribution of transporters to information processing by limiting the extent of glutamate spillover between adjacent synapses.
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At glutamatergic synapses in the C NS, the kinetics of EPSCs are determined by postsynaptic receptor properties and the time course of the glutamate concentration transient. At typical smalldiameter synapses, glutamate diff uses out of the cleft rapidly, within milliseconds (C lements et al., 1992; C lements 1996) . The rapid clearance of synaptically released glutamate may be promoted by glutamate transporters, which have been shown to buffer the free glutamate concentration in the cleft within a millisecond after release at cultured hippocampal synapses (Tong and Jahr, 1994; Diamond and Jahr, 1997) . Glutamate binding to transporters may also significantly limit the amount of spillover that occurs between neighboring synapses (Asztely et al., 1997; Barbour and Häusser, 1997) . Hence, in addition to playing an essential role in the prevention of excitotoxicity by the maintenance of low extracellular glutamate levels, glutamate transporters may have an important role in modulating the time course of synaptic transmission.
However, the effects of transport inhibition on glutamatergic EPSC s are varied. The failure of reuptake blockers to significantly prolong AMPA receptor-mediated synaptic currents at some synapses (Hestrin et al., 1990; Isaacson and Nicoll, 1993; Sarantis et al., 1993) has been interpreted as evidence that the clearance of glutamate from the synapse is not assisted by transporters. However, when AMPA receptor desensitization is blocked, transport inhibition prolongs the EPSC time course (Mennerick and Zorumski, 1994) , indicating that AMPA receptor desensitization may mask the enhancement of the glutamate transient produced by transporter inhibition. Furthermore, transporters contribute to the time course of AMPA receptormediated EPSCs at synapses with multiple release sites, such as the mossy fiber (MF)-unipolar brush cell synapse (Kinney et al., 1997) , the calyceal synapse (Otis et al., 1996) , and synapses in the inner retina (Matsui et al., 1999) . Transport inhibition also prolongs AMPA receptor-mediated EPSCs in cerebellar Purkinje cells, where significant "crosstalk" may occur between densely packed terminals (Barbour et al., 1994; Takahashi et al., 1995) .
At the MF-granule cell (GC) synapse in the cerebellum, transport inhibition has been shown to have no effect on the time course of the AMPA receptor-mediated EPSC (Sarantis et al., 1993) . However, it has been suggested that the cerebellar glomerulus is specialized to promote spillover (Wall and Usowicz, 1997; Rossi and Hamann, 1998) , which implies that transporters may be more important than previously recognized. Although MF-GC synapses have a small diameter postsynaptic density, the glomerulus that encompasses them is one of the most complex arrangements of synaptic contacts in the CNS (Jakab and Hámori, 1988) . The core of the glomerulus consists of a large MF terminal that forms a synaptic nest with 100 -150 synaptic contacts of ϳ50 different GC dendritic digits (Jakab and Hámori, 1988; Jakab, 1989) . The plexus of dendritic processes that surround the MF terminal is delimited by a sheath of astrocytic membrane in which GLT-1 and GL AST subtypes of glutamate transporters are concentrated (Chaudhry et al., 1995) . The goal of this work was to examine the role of glutamate transporters in shaping the time course of synaptic transmission within the glomerulus.
Preliminary reports of some of these results have been presented (Slater and K inney, 1996; Overstreet et al., 1997) .
MATERIALS AND METHODS
Preparation of brain slices. E xperiments were conducted on Sprague Dawley rats of either sex, aged 8 -20 d postnatal. The methods for the preparation of thin brain slices and patch-clamp recording of visually identified granule cells in thin cerebellar slices used were similar to those previously described (Silver et al., 1992; D'Angelo et al., 1993; Ebralidze et al., 1996) . Animals were anesthetized using isoflurane by inhalation and killed by decapitation using a guillotine while under general anesthesia. The brain was removed by dissection and placed in a chilled (0 -5°C) extracellular solution of the following composition (mM): NaC l 126, KC l 3, C aC l 2 2.5, MgSO 4 1.3, NaH 2 PO 4 1.25, NaHC O 3 26, and D-glucose 10 (gassed with 95% O 2 and 5% C O 2 , pH 7.4; osmolarity adjusted to 310 mOsm). Thin (150-m-thick) parasagittal slices of cerebellar vermis were cut using a vibrating tissue chopper (Vibratome). Slices were maintained at room temperature after the initial hour of incubation until needed for recording.
For recording, slices were transferred to a submersion chamber mounted on the stage of an upright microscope (Leitz Laborlux) and viewed with a Z eiss 40ϫ (0.75 NA) water-immersion objective with Hoffman Contrast Optics or an Olympus BX50W I upright microscope fitted with a 40ϫ (0.80 NA) water-immersion objective with Nomarski Optics. The slices were continuously perf used throughout the experiment with external medium at room temperature (20 -22°C). All recordings were made from granule cells in the granular layer of vestibular regions of the cerebellar vermis (nodulus and ventral uvula).
Patch-clamp recording and synaptic stimulation. Patch recording pipettes were fabricated from thick-walled borosilicate glass capillaries (DC resistance 5-10 M⍀ when filled with internal solution) using a Flaming-Brown horizontal pipette puller (model P-87; Sutter Instruments, Novato, CA). In the majority of experiments, electrodes were filled with an internal solution containing (in mM): cesium methanesulphonate 145, QX-314 10, MgC l 2 2, K 2 ATP 5, EGTA 0.1, and H EPES 5, pH 7.2; osmolarity adjusted to 280 mOsm. Patch pipettes were mounted in the headstage input of a stage-mounted micromanipulator and positioned over the soma of the neuron by visual control. Transmembrane voltage and current were recorded using an Axopatch 1D or 200B amplifier (filtered at 5 kHz; Ϫ3 dB), stored on video tape (V R-10C; Instrutec), and played back off-line for analysis using pC lamp (version 6.0.1) software (Axon Instruments, Foster C ity, CA) running on a personal computer-compatible 486 or Pentium II microcomputer (Dell). Conventional methods for whole-cell recording of visually identified cells (Hamill et al., 1981; Edwards et al., 1989) were used. The reference electrode was connected to the bath by means of a KC l-agar bridge. All experiments were conducted at a holding potential of Ϫ70 mV, unless otherwise noted.
Concentric bipolar tungsten stimulating electrodes (Rhodes) were placed in the white matter to activate M F inputs to granule cells. Stimuli of 100 sec duration were delivered in the presence of bicuculline (10 M) to block GABA A receptor-mediated inhibitory synaptic currents. AMPA receptor-mediated synaptic currents were recorded in the presence of the noncompetitive NMDA receptor antagonist 7-chlorokynurenic acid (50 M). NMDA receptor-mediated synaptic currents were recorded in the presence of the competitive AM PA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (C NQX; 10 M) and glycine (10 M).
Application of drugs. All drugs were dissolved in distilled water or dimethylsulfoxide (DMSO) and applied by bath perf usion. The final concentration of DMSO was always Ͻ1% in saline, a concentration that had no effect on GC EPSC s. The following compounds were used: bicuculline methobromide (Sigma, St. L ouis, MO), D-2-amino-5-phosphonovalerate (D-AP-5; Tocris Cookson), cyclothiazide (a generous gift of Eli Lilly, Indianapolis, I N), dihydrokainate (DHK ; Sigma), QX-314 (Alomone Laboratories), glutamic -pyruvic transaminase (GP T; Sigma), L-aspartate (Sigma), glycine (Sigma), 7-chlorokynurenic acid (Tocris Cookson), L-trans-pyrrolidine-2,4-dicarboxylate (PDC; Tocris Cookson) and C NQX (Tocris Cookson). Drugs were delivered to the bath by means of a peristaltic pump that fed initially into a premixing chamber above the microscope in which f urther gassing with 95% O 2 and 5% C O 2 was performed.
RESULTS

Contribution of transporters to single stimulus-evoked AMPA receptor-mediated currents
AMPA receptor-mediated EPSCs were recorded in the presence of 10 M bicuculline, 50 M 7-chlorokynurenate, and 1.5 mM external magnesium to pharmacologically isolate the AMPA component of the MF-evoked EPSC. In 13 cells, the effects of the glutamate transport inhibitor PDC (100 M) were examined on the peak amplitude, 10 -90% rise time, total charge, and the time constants of decay of the EPSC evoked by single MF stimuli. PDC had no significant effect on the peak amplitude, rise time, total charge, or the fast component of decay of the EPSC ( f ; Fig. 1 A, Table 1 ). In 8 of 13 of the cells, however, an enhancement of the slow component of decay ( s ) was observed, an effect that was statistically significant when data from all cells were considered (30 Ϯ 3 vs 52 Ϯ 12 msec; p ϭ 0.04; n ϭ 13). This slow component of the decay has been attributed to the slow phase of transmitter diffusion in the cleft at this synapse (Silver et al., 1996) . However, no correlation between s and the percentage change in s produced by PDC was observed (data not shown). Application of PDC did not produce a significant change in the holding current, even when intracellular cesium methanesulphonate was replaced either by potassium gluconate (110 mM) and CsCl (35 mM; n ϭ 3) or CsNO 3 (145 mM; n ϭ 4; data not shown) to enhance the anionic transporter currents (Otis et al., 1997) . In five cells, D-aspartate (200 M) resulted in a significant attenuation of the peak amplitude of the EPSC, while having no significant effect on the other measured parameters ( Fig. 1 B, Table 1 ). The decrease in the peak amplitude may arise from cross-desensitization of AMPA receptors caused by elevated extrasynaptic glutamate levels (Sarantis et al., 1993) or by activation of presynaptic autoreceptors that reduce glutamate release (Maki et al., 1994) . D-aspartate also did not produce an observable change in the holding current. D,L-aspartate (400 M) had no effect on the single stimulus-evoked AMPA receptor-mediated EPSC recorded in five cells (Table 1 ), but did result in an small but significant inward current (presumably mediated by activation of NMDA receptors by L-aspartate; Ϫ4.2 Ϯ 0.8 pA; p Ͻ 0.05; n ϭ 7).
Effects of transport inhibition when desensitization is blocked
It has been reported that the contribution of transporters to the diffusion of glutamate from the synaptic cleft can be observed when AMPA receptor desensitization is blocked by cyclothiazide Zorumski, 1994, 1995) . To investigate the possibility that AMPA receptor desensitization masks the effect of transport inhibition at the MF-GC synapse, AMPA receptormediated EPSCs were recorded in the presence of cyclothiazide. Cyclothiazide (100 M) alone produced a greater than twofold increase in the normalized peak amplitude, total charge, and the time constants of decay of the EPSC ( fast and slow ; Fig. 1C-G) . The subsequent application of PDC (100 M) in the presence of cyclothiazide resulted in a further increase in the total charge (40 Ϯ 11%; p Ͻ 0.05; n ϭ 8) and slow (177 Ϯ 61%; p Ͻ 0.05; n ϭ 8; Fig. 1C , E,G). These results suggest that AMPA receptor desensitization can mask the effects of inhibition of glutamate transport. In addition to blocking AMPA receptor desensitization, cyclothiazide has been reported to alter AMPA receptormediated currents by enhancing release (Diamond and Jahr, 1995) . Because the contribution of transporters to glutamate clearance may be accentuated during conditions of high release probability (Mennerick and Z orumski, 1995) , f urther experiments were required to determine what specific effects could be attributed to the transporters in the presence of cyclothiazide.
PDC prolongs repetitive stimulus-evoked AMPA receptor-mediated currents
If the contribution of transporters to glutamate clearance is more conspicuous under conditions of high release probability, it was anticipated that transporter inhibition would have a pronounced effect on the synaptic current after repetitive stimuli. This is of functional relevance at the MF-granule cell synapse because granule cells in the cerebellar nodulus receive MF afferents from sources such as brainstem vestibular nuclei and primary vestibular afferents (Korte and Mugnaini, 1979; Gerrits et al., 1989; Barmack et al., 1992) , that fire at high frequencies during head rotation in vivo (Ͼ200 Hz; Goldberg and Fernandez, 1971) . In contrast to the modest effects of PDC on single AMPA receptormediated EPSCs (Fig. 1 A) , PDC (100 M) significantly prolonged the synaptic current after a short burst of MF stimuli at 50 Hz (n ϭ 13; Fig. 2 A,C) . The decay of the AMPA receptor-mediated synaptic current was quantified by three parameters: the total charge (area), the postburst decay fit by a single exponential, and the absolute amplitude measured 20 msec after the final MF stimulus. PDC slowed the decay of the synaptic current ( ϭ 121 Ϯ 11 vs 228 Ϯ 23 msec; p Ͻ 0.05) and increased the total charge (1349 Ϯ 180 vs 2547 Ϯ 339 fC; p Ͻ 0.05) without a significant change in the amplitude (6.5 Ϯ 0.5 vs 7.2 Ϯ 0.8 pA; Fig. 2 D) . Application of D,L-aspartate also resulted in a significant slowing of the current decay ( ϭ 188 Ϯ 43 vs 417 Ϯ 72 msec; p Ͻ 0.05) and increase in the total charge (1060 Ϯ 246 vs 2256 Ϯ 452 fC; p Ͻ 0.05) after repetitive stimuli (n ϭ 7; data not shown). These results indicate that transporters contribute to the time course of excitatory transmission at the MF-GC synapse during physiologically relevant stimulus protocols.
PDC prolongs the EPSC by blocking transporter binding sites
In addition to buffering the synaptic glutamate transient Jahr, 1994, Diamond and Otis et al., 1997) , transporters maintain low levels of ambient extracellular glutamate (Rothstein et al., 1996; Takahashi et al., 1997; Tanaka et al., 1997) . Indeed, application of PDC in the absence of Mg 2ϩ produced an increase in the holding current, presumably caused by NMDA receptor activation after an increase in extracellular glutamate (data not shown). Accumulation of glutamate may be exacerbated by glutamate heteroexchange as PDC is transported into cells (Barbour et al., 1991; Arriza et al., 1994) . To determine whether the accumulation of glutamate or the blockade of transporter binding sites was responsible for the prolongation of the EPSC, repetitive stimuli were delivered in the presence of PDC before and after the enzymatic degradation of resting glutamate levels with GPT. GPT (10 U/ml) selectively metabolizes endogenous extracellular glutamate to ␣-ketoglutarate in the presence of elevated concentrations of pyruvic acid (2 mM; O' Brien and Fischbach, 1986; Rossi and Slater, 1993; Min et al., 1998) . If the prolongation of the EPSC decay was related to the accumulation of extracellular glutamate produced by PDC rather than blockade of transporter binding sites, then GPT would be expected to attenuate the prolongation. In six cells, PDC produced a significant increase in the AMPA receptor-mediated synaptic current decay (142 Ϯ 19 vs 239 Ϯ 25 msec; p Ͻ 0.05) and total area (1394 Ϯ 362 vs 3055 Ϯ 559 fC; p Ͻ 0.05) after the repetitive stimulus (Fig. 3A) . The subsequent addition of GP T (10 U/ml), a concentration sufficient to return the extrasynaptic glutamate concentration to control levels after the inhibition of glutamate transport (Rossi and Slater, 1993) , did not result in a significant change in the decay or total area (Fig. 3B-D) . Thus, elevation of resting glutamate levels by PDC is not responsible for the prolongation of the synaptic current. Rather, this data suggests that interference with the binding of glutamate to transporter sites underlies the action of PDC.
Effect of transport impairment on NMDA receptor-mediated EPSCs
Although the time course of NMDA receptor-mediated currents primarily reflects receptor properties rather than the time course of glutamate within the cleft (Lester et al., 1990; Edmonds and Colquhoun, 1992; Clements 1996; Ebralidze et al., 1996; Takahashi et al., 1996b) , NMDA receptors have a much higher glutamate binding affinity (Olverman et al., 1984) than AMPA receptors (Patneau and Mayer, 1990) . Therefore, the time course of the NMDA receptor-mediated EPSC may be more sensitive to spillover after transport impairment. NMDA receptor-mediated EPSCs were pharmacologically isolated and recorded in the presence of 10 M glycine. Under control conditions, the decay of the NMDA receptor-mediated EPSC was best fit by two exponentials ( fast ϭ 32.7 Ϯ 4.7 msec; slow ϭ 244 Ϯ 58 msec; n ϭ 9). However, in the majority of cells, the decay of the EPSC recorded in the presence of PDC could no longer be adequately fit by two exponentials. The NMDA receptor-mediated current was prolonged in the presence of 100 M PDC, as evidenced by the significant increase in the t 1/2 of decay after single stimuli (46.9 Ϯ 7.4 vs 94.7 Ϯ 15.9 msec; p Ͻ 0.05; n ϭ 9) and repetitive stimuli (103 Ϯ 6.5 vs 398 Ϯ 108 msec; p Ͻ 0.05; n ϭ 9). PDC also resulted in an increase in the total charge (measured in a 1.5 sec bin after the onset of the EPSC) after both single (2228 Ϯ 257 vs 4110 Ϯ 348 fC; p Ͻ 0.05; n ϭ 9; Fig. 4 ) and repetitive (6941 Ϯ 1043 vs 40815 Ϯ 11678 fC; p Ͻ 0.05; n ϭ 9; Fig. 5 ) stimuli. PDC produced an increase in the resting current noise, presumably because of tonic activation of NMDA receptors by the raised extracellular glutamate concentration. However, the concentration of PDC used (100 M) was low enough to avoid significant desensitization of NMDA receptors, as has been observed previously (Sarantis et al., 1993) . In six of nine cells, the application of PDC reduced the peak NMDA current (Fig. 5B ), but this effect was not statistically significant when data from all the cells were combined (20.9 Ϯ 2.07 vs 18.1 Ϯ 1.01 pA).
Dihydrokainate (DHK) is an uptake blocker that is relatively selective for the GLT-1 (EAAT2) subtype of glial glutamate transporter (Arriza et al., 1994) . GLT-1, GLAST (EAAT1), and the neuronal transporter EAAC1 (EAAT3) are expressed in the granule cell layer of the cerebellum (Rothstein et al., 1994; Lehre et al., 1995; Furuta et al., 1997) . To investigate the subtype of transporter underlying the prolongation of EPSCs by PDC, the effect of DHK was measured on NMDA receptor-mediated EPSCs evoked by single and repetitive stimuli. A concentration of DHK (300 M) that produced approximately as much inhibition as 100 M PDC at GLT-1 (EAAT2; Arriza et al., 1994) was used. In five cells, DHK had no effect on the t 1/2 of decay of the NMDA receptor-mediated EPSC evoked by single (95 Ϯ 18 vs 84 Ϯ 12 (Fig. 6) . DHK also failed to produce an increase in the holding current, suggesting the extracellular glutamate concentration was not significantly increased. In three of three cells in which DHK had no effect on the t 1/2 or holding current, the subsequent application of 100 M PDC prolonged the EPSC and produced an increase in the holding current as described above (data not shown). DHK produced a significant reversible attenuation of the peak NMDA receptor-meditated EPSC (Ϫ30 Ϯ 5.4 vs Ϫ16 Ϯ 3.2 pA; p Ͻ 0.05; n ϭ 5; Fig. 6 A) , that resulted in a significant reduction in the total charge after both single (5103 Ϯ 842 vs 2140 Ϯ 394 fC) and repetitive (11784 Ϯ 2445 vs 7279 Ϯ 1455 fC; p Ͻ 0.05) stimuli. This reduction may be caused by a direct action of DHK on NMDA receptors (Wang et al., 1998) .
Effect of transport impairment on EPSPs
To investigate the role of glutamate transporters in regulating synaptic transmission under more physiological conditions, the effect of transport inhibition on EPSPs was examined in the presence of 1.5 mM external magnesium. In current-clamp recordings of MF-evoked EPSPs in granule cells, 100 M PDC increased the total area of the EPSP evoked by single stimuli (2619 Ϯ 578 vs 12763 Ϯ 3885 mV ⅐ msec; p Ͻ 0.05; n ϭ 7) and repetitive stimuli (7780 Ϯ 3140 vs 33287 Ϯ 14934 mV ⅐ msec; n ϭ 5; Fig. 7 ). In addition, PDC produced an increase in the number of spikes induced per MF stimuli (Fig. 7) . These results indicate that the prolongation of synaptic currents produced by inhibition of trans- A, An example of a NMDA receptormediated EPSC evoked by a single stimulus. The decay of the EPSC was fitted with the sum of two exponentials ( fast ϭ 32.7 Ϯ 4.7 msec; slow ϭ 244 Ϯ 58.7 msec; n ϭ 9; data not shown). B, In the presence of 100 M PDC, the decay is prolonged, and no longer fit by two exponentials. The peak amplitude in PDC is indicated by the small arrow. The baseline in PDC is aligned with control to emphasize the change in the time course of the decay. C, The EPSC recorded after washout of PDC, compared with control (from A). D, PDC produced an increase in the total charge, measured during the 1500 msec time frame illustrated in A-C. E, PDC also produced an increase in the half decay time.
port is of physiological significance, because robust effects of PDC can be seen with current-clamp recordings in the presence of external magnesium. Granule cells in the cerebellar nodulus receive afferent input from M Fs that originate from both primary vestibular afferents and second-order vestibular neurons in the brainstem, and these afferents fire over a frequency range of 50 -300 Hz in vivo (Goldberg and Fernandez, 1971) . To assess how glutamate transporters sculpt the activity of granule cells in response to afferent stimuli that approximate those encountered in vivo, the response to synaptic stimuli over the frequency range 50 -333 Hz (50 msec duration) was studied with current-clamp recording in the presence of 1.5 mM external magnesium. In control, the delivery of MF stimuli evoked a temporally summating EPSP and associated burst of action potentials (Fig. 8 A-C) . Single stimuli evoked an EPSP with either no action potential (Fig. 8 A) or one or two action potentials (Fig. 7A) . With increasing stimulus frequency, the duration of the burst of action potentials progressively increased (Fig. 8 D) . In the majority of cells studied (four of six), the amplitude of the depolarization during the EPSP in the presence of PDC (30 M) was sufficient to produce a rapid inactivation of spiking (Fig. 8 B,C) . In three of these four cells, the normalized EPSP area was potentiated at all frequencies (Fig. 8 E) , primarily reflecting an increased EPSP duration. In two cells in which spike inactivation did not occur in the presence of PDC, an increase in burst duration was also observed at all frequencies (Fig. 9A-C) . Analysis of the instantaneous firing frequency during the burst revealed that a maximal postburst firing frequency was established (ϳ60 Hz in the cell illustrated in Fig. 9D,E) , both in control and in the presence of PDC; application of PDC prolonged the burst (Fig. 9E ), but the instantaneous firing rate over most of the range of frequencies examined remained similar. These results suggest that, under control conditions, the glomerular synapse acts essentially as a frequency-to-duration converter, encoding changes of input frequencies into outputs of varying duration. When glutamate transporters are impaired in the presence of PDC, the underlying EPSP is prolonged in duration and thus, total area (Fig. 8 E) , and the associated burst of spikes is also prolonged at all frequencies (Fig. 9 B, C) . Therefore, glutamate transporters regulate the temporal dynamics of signal processing across the range of afferent firing frequencies normally encountered in vivo in this region of cerebellum.
DISCUSSION
Transport contributes to synaptic transmission at the MF-GC synapse
The results of this study demonstrate that glutamate transport contributes to the time course of synaptic transmission at the mossy fiber-granule cell synapse. This is most clearly illustrated by the finding that 100 M PDC produces a significant increase in the total area of the EPSP evoked by a single MF stimulus (Fig.  7) . The prolongation of the depolarization was mediated primarily by an enhancement of the NMDA receptor-mediated component (Fig. 4) , because prolongation of the AMPA component was masked by desensitization (Fig. 1) . The contribution of transporters to transmission was particularly striking during repetitive stimulus protocols at physiologically relevant frequencies, as illustrated by the substantial prolongation of both the AMPA and NMDA receptor-mediated EPSC, and the EPSP after a repetitive stimulus (Figs. 2, 5, 7, 8) .
The prolongation of the EPSC and EPSP produced by PDC is most likely caused by enhanced spillover onto adjacent granule cell dendritic membranes within the glomerulus, because relatively small changes in the cleft glutamate transient produced by uptake inhibition (Diamond and Jahr, 1997 ) are unlikely to produce the large changes in the EPSC and EPSP observed in this study (Figs. 4,7) . The greater prolongation of the NMDA receptor-mediated component compared with the AMPA receptor-mediated component is consistent with the higher affinity of glutamate for NMDA receptors. This is consistent with the proposal that the discrepancy in quantal content mediated by the two receptors is caused by the greater sensitivity of NMDA receptors to spillover (Asztely et al., 1997) . The prolonged depolarization recorded in PDC is mediated by AM PA and NMDA receptors, because it is completely blocked in the presence of AP-5 and CNQX (Fig. 7B) . It is also unlikely to be the result of a direct action on postsynaptic receptors; 100 M PDC has been shown to cause a slight reduction of NMDA receptor-mediated currents while having no effect on currents evoked by AMPA (Sarantis et al., 1993) . The reduction in NMDA-evoked currents produced by PDC is consistent with a reduction in glutamate binding to NMDA receptors (Bridges et al., 1991; Sarantis et al., 1993; Matsui et al., 1999) or desensitization by elevated glutamate (Sarantis et al., 1993) , either of which may result in an underestimation of the enhancement of spillover produced by PDC.
It has been demonstrated previously that repetitive stimulation of cerebellar MFs produces a temporally summating EPSP whose voltage envelope is largely accounted for by the recruitment of NMDA receptors (D'Angelo et al., 1995) . This is doubtless also the case for control responses in the present study (Figs. 7B,  8 B,C) , and for the enhanced EPSP observed in the presence of PDC. This would be expected both because glutamate has a higher affinity for NMDA receptors and because the enhancement of total charge produced by PDC was greater for NMDA receptor-mediated EPSCs than for AMPA receptor-mediated synaptic responses (Fig. 2 A vs Fig. 5B,D) .
The results presented here are consistent with the central hypothesis of Sarantis et al. (1993) that glutamate uptake does not shape the decay of the AMPA receptor-mediated component of the synaptic current evoked by a single stimulus. Although PDC did produce an increase in the decay slow of the AMPA receptor-mediated EPSC evoked by a single stimulus in some of the recorded granule cells, the effect was not robust and was not observed during transporter impairment with D-and D,Laspartate (Table 1) . However, when AMPA receptor desensitization was blocked by cyclothiazide, PDC produced a more significant slowing of the decay slow (Fig. 1) . This may reflect an enhanced sensitivity to low concentrations of glutamate and thus an increase in AMPA receptor-mediated current produced by glutamate released from neighboring terminals.
One possible caveat to the physiological significance of this study is that stimuli were delivered by a bipolar electrode placed in the white matter, therefore activating a large number of MF afferents that may produce significantly more spillover between glomeruli than occurs under native conditions. Such situations have been reported to promote the importance of glutamate transport (Barbour and Häusser, 1997) . However, increasing the stimulus intensity did not influence the magnitude of the prolongation of AMPA receptor-mediated EPSCs evoked by a repetitive stimulus (n ϭ 5; data not shown), suggesting that nonphysiological interglomerular spillover caused by synchronous MF activation did not overestimate the contribution of transporters.
Transporter binding sites are crucial
One complete cycle of glutamate transport across the cell membrane takes ϳ70 msec (Wadiche et al., 1995b) . Hence, it has been suggested that glutamate binding, rather than translocation, may contribute to the time course of the glutamate transient within the synaptic cleft (Tong and Jahr, 1994; Diamond and Jahr, 1997) . In addition to competing with glutamate for transporter binding sites, transport inhibitors also can elevate the ambient extracellular glutamate level. In our preparation, 100 M PDC produced an increase in holding current only in the absence of Mg 2ϩ , suggesting that the rise in ambient glutamate was sufficient to activate NMDA receptors, but not AMPA receptors. Because PDC is a transport substrate, glutamate heteroexchange may have contributed to the accumulation of extracellular glutamate (Barbour et al., 1991; Arriza et al., 1994) . To differentiate between the glutamate accumulation and block of transporter binding sites produced by PDC, enzymatic degradation of extracellular glutamate by GP T was used to reduce the extracellular glutamate concentration while transporters remained occupied by PDC. The prolongation of the AM PA receptor-mediated EPSC observed in the presence of PDC was not reduced when GP T was added to the bath (Fig. 3B) , suggesting that the change in extrasynaptic glutamate concentration produced by transporter impairment did not underlie the prolongation of the current. Hence, it is likely that available transporter binding sites, which are occupied by PDC, are crucial to limiting spillover.
Glial transporters contribute to synaptic transmission
Transmembrane currents elicited by activation of glutamate transporters have been described in a number of preparations (Szatkowski et al., 1990; Barbour et al., 1991; Fairman et al., 1995; Wadiche et al., 1995a,b; Eliasof and Jahr, 1996; Mennerick et al., 1996; Takahashi et al., 1996a ; Castagna et al., 1997; Clark and Instantaneous firing frequencies were measured using a threshold set at 0 mV (to avoid counting the smaller stimulus artifacts), and measures of interspike intervals were converted to frequency using routines written in Igor. Note that, after the initial stimulus, an upper firing rate of ϳ60 Hz is achieved at most frequencies of stimulation; in Control the duration of the burst systematically lengthens ( D), as is also shown in B, C, and Figure 8 D. After the application of PDC ( E), the maximal firing rate after the stimulus is not enhanced, but the burst duration at all frequencies is prolonged. Bergles and Jahr, 1997; Otis et al., 1997) . Our failure to detect currents evoked by the application of the transporter substrates PDC or D-aspartate may indicate that the transporters that contribute to the termination of synaptic transmission are not located on granule cells. This is consistent with anatomical reports that GLT-1 and GL AST are astrocytic transporters , and EAAT4 immunoreactivity is confined to the molecular layer of the cerebellum (Yamada et al., 1996) . Although EAAC1 (EAAT3) mRNA has been reported to be present in granule cells (Furuta et al., 1997) , it may not be expressed at levels high enough to detect transporter-evoked currents.
The finding that application of DHK does not prolong the EPSC or change the holding current suggests that the subtype of transporter underlying the effect of PDC is not GLT-1 (EAAT2). This is consistent with the finding that the GLT-1 protein is not detectable in the cerebellum until postnatal week 3, whereas GLAST is present at high levels from birth (Ullensvang et al., 1997) . An alternative interpretation is that because DHK is not a transported substrate, but rather a true blocker (Arriza et al., 1994) , counter-transport of glutamate out of cells is not contributing to a rise in extracellular glutamate that interacts with the glutamate transient and prolongs the EPSC. However, the GPT experiment (Fig. 3) suggests that the rise in extracellular glutamate concentration produced by PDC does not underlie its effect on synaptic transmission. Therefore, these data suggest that GLAST (EAAT1) may be the transport subtype most responsible for assisting the clearance of synaptically released glutamate, although a contribution by EAAC1 (EAAT3) cannot be ruled out.
Functional significance of transporters at MF-GC synapse
In the vestibulocerebellum, M F terminals also form giant synapses with the dendrioles of the UBC dendritic brush. Impairment of glutamate transport by 100 M PDC prolongs the decay of the AM PA receptor-mediated EPSC evoked by single stimuli at the M F-UBC synapse (K inney et al., 1997) . The hypothesis that the glial transporter GL AST contributes to the time course of synaptic currents at these two synapses suggests that glutamate diffusion from the M F and UBC synaptic cleft is influenced by transporters that are localized at relatively distant sites. Although this appears to be an unlikely scenario for glutamate released at a small number of synapses, it should be noted that each MF terminal forms up to 150 synaptic junctions with postsynaptic elements (Jakab and Hámori, 1988; Jakab 1989) , suggesting that a considerable amount of glutamate is released into the interior of the glomerulus with each presynaptic stimulus. Recent modeling data suggest that intersynaptic diff usion of transmitter, i.e., crosstalk, may be significant enough to activate high-affinity receptors and desensitize others (Barbour and Häusser, 1997) . The incidence of crosstalk is greater at synapses where separate postsynaptic densities share the same presynaptic terminal (Barbour and Häusser, 1997) , as occurs at excitatory synapses within the cerebellar glomerulus. This suggests spillover may be an important element of information processing within the glomerulus, regulated by the localization and density of glutamate transporters. Consistent with this idea, I PSC s mediated by GABA spillover have been identified in the glomerulus, and this phenomenon is enhanced by inhibition of GABA transport (Rossi and Hamann, 1998) . Future studies directed toward elucidating the functional significance of the glomerular morphology may reveal novel signal processing capabilities of this unique cerebellar structure.
